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Abstract 
Current scientific studies prove the dependency of the running characteristics of permanent magnet synchronous motors on variations of the 
physical properties of permanent magnets and manufacturing errors. Currently, this fact is not considered in most process chains for magnet and 
rotor assembly. Thus, insufficient rotor quality can only be detected during the end-of-line test, causing rejects of whole motors. As a solution 
for these drawbacks, a computerized magnet intra-logistics storage and assembly concept is presented, using sophisticated magnet measurement 
technologies. This concept allows for the traceability of single magnets and enables to compensate variations of the magnetic properties by 
selective magnet assembly. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of the 14th CIRP Conference on Computer Aided Tolerancing. 
 Keywords: magnetic tolerancing; tolerancing; PMSM; traction drives; magnet assembly; 
1. Introduction 
As the market share of PMSM among electric drives is 
growing constantly, quality assurance gains in importance. 
Special purposes require high standards in running 
characteristics, power density and energy efficiency. With 
efforts on automation the production rates are being increased. 
As the methods for fully automated magnet assembly have 
been widely investigated at the Institute for Factory 
Automation and Production Systems of the Friedrich-
Alexander-University of Erlangen-Nuremberg in various 
demonstrators for magnet assembly and different magnet 
gripper concepts the accuracy of this process can be ensured. 
[1][2] 
While stators are being tested regarding insulation and 
resistance before rotor and stator assembly magnets rotors are 
mostly assembled without magnetic testing [5]. Thus errors on 
magnetization can only be detected during the end-of-line test 
by measuring high cogging torque, noise and low back 
electromotive force. This leads to rejects due to insufficient 
quality or a wide tolerance band within these parameters and a 
more conservative motor design. 
As the reject costs can be reduced by quality control in an 
early stage of production and the avoidance of errors within the 
assembly processes, an automation solution for the whole 
process chain is required. The idea presented in this paper 
provides for a 100 % check of magnets in conjunction with an 
automated logistics and storage solution for magnetized 
permanent magnets and fully automated magnet assembly 
systems. Thus each magnet can be classified according to the 
angular deviation of the magnetic moment vector from the ideal 
direction and the value of the remanent polarization. The 
measuring data is stored in a database and linked with the 
position of the magnet in the physical magnet storage. A 
request on magnets for the assembly of one rotor will initiate 
the calculation process among all available magnets in the 
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storage for determining the best assembly sequence. With this 
information a sequenced magnet stack will be created to be 
delivered to the automated magnet assembly system. The aims 
of the concept are reduction of rejects among single magnets 
and rotors as well as improvement of the quality especially of 
high end drives by minimizing the tolerance band. This paper 
deals with the challenging aspects of rotor assembly and 
magnet measurement as well as with solutions and the 
synthesis of different solutions to a new approach in magnet 
assembly. Finally further advantages of the presented concept 
are described, which allow for the traceability of single 
magnets among rotors and the process monitoring by using data 
mining methods. 
2. Influences on running characteristics 
Manufacturing imperfections within the sintering process 
and the subsequent shaping process of anisotropic permanent 
magnets lead to deviations in shape, density, remanent 
polarization and deviations of the magnetic moment vector. 
These imperfections are caused by the inhomogeneous 
magnetic field during pressing of magnet blocks within the 
mould. They differ depending on the exact pressing method. 
The material density of axial field die pressed magnets is more 
inhomogeneous than of transverse field die pressed magnets. 
Cutting single magnets out of the pressed and sintered magnet 
block causes different magnetic characteristics within one 
batch depending on the location within the block. [3] 
A rough study among the tolerances of magnetic 
characteristics has been done at the FAPS institute before [11]. 
Various papers describe the undesired influences of these 
manufacturing imperfections on the running characteristics of 
permanent magnet synchronous motors. The geometrical 
deviations of single magnets and their influence on the cogging 
torque components have been examined in [9]. Here magnet 
misplacement, thickness and width of the magnets are 
mentioned to cause a significant effect on the cogging torque 
of PMSM. However, the dependencies of the magnetic moment 
on the dimensions of the magnet were not considered in the 
mentioned paper and remain uninvestigated in this approach. 
The influence of deviations in the flux density on the EMF is 
examined in [4] and on the cogging torque in [5]. Both show a 
significant influence on noise, harmonics and torque ripple. All 
these effects were investigated further in a DOE [6] using 
statistical methods for analyzing both cogging and BEMF. 
To face these inadequacies in the past an approach was 
already presented. To measure the magnetization deviation of 
entire rotor stacks with integrated permanent magnets, a fixture 
has been developed. In this case lamination stacks are 
assembled with magnets and thereafter magnetized. Since the 
single magnets are not being measured, uncertainties remain 
until the magnetization process. To compensate the undesired 
effects described above, the measured stacks are being 
clustered and assembled together in an optimized sequence. 
[7][8] 
This approach is limited to a certain design such as 
integrated permanent magnets and rotor stacks. Especially 
when having a wide variant diversity, it is not suitable. 
Therefore the presented concept has been developed. 
3. Measurement of magnetic characteristics 
The standard method to determine the magnetic dipole moment 
of permanent magnets is the measurement with a Helmholtz 
coil in combination with a fluxmeter. The approach and 
measurement details are described in the IEC 60404 standard. 
During measurement, the specimen has to be moved into a 
Helmholtz coil. The variation of the magnetic flux induces a 
time-dependent voltage in the coil. From the integral of the 
voltage over the time and the coil factor k, the component of 
the magnetic dipole moment of the magnet along the coil axis 
can be determined. To identify the error angle of the 
magnetization, the magnet has to be measured in all three 
spatial axes.  
The described procedure is not well suited for fully automated 
highly clocked inline measurement processes. One reason is the 
problem of the magnet feeding. It has to be moved into the coil 
with a linear movement. In order to measure the error angle, a 
three-dimensional Helmholtz coil and a three-channel 
fluxmeter have to be used. The feeding of the specimen into a 
three-dimensional Helmholtz coil is even more difficult, since 
all three spatial axes are equipped with coils. Further, 
Helmholtz coil systems are sensitive to electric disturbing 
fields. 
 
An alternative measuring technique which allows for a highly 
clocked 100% inline measurement of permanent magnets is the 
so called “Magnetic Monitoring”. 
Within the magnetic monitoring technique, the magnetic stray 
field of the specimen is measured in the far field with magnetic 
field-sensitive sensors (e.g. Hall effect sensor, AMR-sensor, 
etc.). With an algorithm the magnetic moment and the error 
angle of the magnetization are determined in a quasi-static way. 
Besides the determination of the magnitude and orientation of 
the magnetic dipole moment, the magnet is also localized in 3D 
space. This information can be used to give the current position 
of the test item to a positioning system for handling processes. 
The advantage of the magnetic monitoring is the quasi-static 
principle. It is not necessary to move the sample for the 
measurement. Furthermore, it is insensitive to electric 
disturbing fields. Measuring rates up to kHz range can be 
realized. 
However, the biggest advantage is its accessibility. While even 
a single Helmholtz coil has a rather large extent in all spatial 
directions, it is not necessary to place magnetic field sensors 
around the whole sample within the magnetic monitoring 
technique. Therefore, integration into fully automated systems 
is possible without any difficulty.  
3.1. Theoretical background “Magnetic Monitoring” 
Within the magnetic monitoring technique, an array of 
magnetic field-sensitive sensors is used to track small dipolar 
permanent magnets. At the same time the characteristics of the 
specimen itself can be measured. For the localization 
algorithm, the position and orientation of the magnetic dipole 
constitute five independent parameters. If the magnitude of the 
magnetic dipole moment of the specimen is not known or is 
subject to variation during the measurement, this quantity 
constitutes a sixth parameter which must be determined. 
Mathematically, it would be sufficient to use six magnetic field 
sensors in order to determine the six unknown parameters. In 
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practice, more sensors are used for three reasons: (i) Additional 
information is needed to determine and compensate for 
disturbing fields, (ii) additional magnetic sensors can provide 
homogeneous localization sensitivity within the desired 
measurement volume almost independent of the orientation of 
the specimen, and (iii) statistical deviations of the field values 
measured by the individual sensors, e.g. due to noise, are 
strongly reduced. 
 
 
Fig. 1: principle scheme “Magnetic Monitoring” [13] 
Fig. 1 shows the principle of the magnetic monitoring 
technique. In a sufficiently large distance from a permanent 
magnet with magnetisation M (vector: strength and direction) 
and volume V, only the contribution of its magnetic dipole 
moment µ = M ·  V to the total magnetic field can be measured. 
The magnetic flux density generated by a magnetic dipole is 
 
ܤሺɊǡ ݎሻ ൌ ஜబସగ ή
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with r and r = |r|, being position vector and distance with 
respect to the position of the magnetic dipole. Since more 
sensors than unknown dipole parameters are used, the 
localization is performed by a least squares optimum search 
algorithm. The dipole moment µ and position rm of a dipole are 
determined such, that the field generated by the dipole fits best 
the fields measured at the sensor positions rs. A measure for the 
quality of the localization is determined by the quality function 
Q: [14] 
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3.2. Suppression of disturbing fields 
The field of the magnetic marker is overlaid with steady and 
time varying fields of different shape. Steady fields result from 
the earth magnetic field and its deformations by iron structures 
(e.g. concrete reinforcement). If such structures move (cars, 
elevators, hospital beds etc.), the respective fields change in 
time. Slowly varying fields may also origin from tramways, 
which work with DC current and poses a large coil between 
rails and overhead wire, with changing length and current. The 
homogeneity of the disturbing fields depends on the distance of 
the field source; near sources produce more inhomogeneous 
fields. 
Distortions due to steady fields can be suppressed by taking a 
baseline prior to the measurement. Homogeneous time varying 
fields are handled by a homogeneous field suppression 
algorithm. If size and shape of the sensor field provide enough 
information, also inhomogeneous time varying field sources 
may be separated by adaptation of the multipole expansion 
method. [15] 
3.3. Magnet characterization systems based on “Magnetic 
Monitoring” 
Based on the described algorithm in combination with a 
sensitive array of magnetic field sensors it is possible to build 
up sensitive measuring devices to characterize permanent 
magnets. Fig. 2. shows a measurement system (m-axis), which 
is developed to measure the magnitude and orientation of the 
magnetic dipole moment very precisely in a QM environment. 
This system is developed to probe single magnets with a hand 
feeding of the specimen on a human working place. In principle 
the measuring frequency is high enough to use this device in an 
automated 100% inline measurement process.  
 
Fig. 2: m-axis, “Magnetic Monitoring” system for magnet characterisation in 
QM processes [16] 
Based on the m-axis technology a special inline system was 
developed and optimized for a 100% inline measurement of the 
specimen. The system consists of 6 measuring boards with 
three highly sensitive AMR sensors each. The flux densities 
that can be measured with AMR sensors range from 20nT up 
to 400µT. The data of the AMR sensors is collected 
simultaneously for all 18 AMR sensors. The overall measuring 
frequency is 100Hz. A connection to a superordinate system is 
possible via a standard USB or an Ethernet connection.  
Fig. 3 shows an inline module in a fully automated production 
line in the automotive industry. A robotic scara pick-and-place 
unit with a vacuum tip places a diametric magnetized magnet 
over the measuring head. The measuring unit measures the 
magnetic dipole moment and the direction of the magnetisation 
and stores the data in a database. Furthermore, the measuring 
system returns the actual orientation of the magnet to the pick-
and-place unit. Based on the measured angle, the scara system 
rotates the magnet to a defined target direction and presses the 
magnet in the assembly. 
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Fig. 3: Inline measuring module in combination with a scara robotic pick-
and-place system in automotive industry. 
4. Concept for magnet storage 
The concept is based on an automated small-parts 
warehouse, designed for the storage of standardized Bosch 
workpiece-carriers. On a wall area of 2,6 x 5,0 m storage spaces 
for 50 workpiece-carriers delivering a specific usable area of 
310 x 314 mm. Each carrier can be picked via an automated 
rack feeder. The further handling of the stored parts is done by 
a 6-axis articulated robot equipped with suitable grippers. 
Two different concepts for the storage of magnetized 
permanent magnets were developed. They differ from the 
maximum available capacity, the required sensor technology 
and the complexity of the mechanical design. Both concepts are 
designed for random access and the variant flexible storage of 
magnets with different sizes. Furthermore each storage space is 
digitally addressable and stored in a database. This database 
contains the location of the single magnet in the warehouse as 
well as the magnet data such as polarization and spatial 
direction of the magnetic moment vector. 
 
Fig. 4: 6 Clamping elements on one workpiece carrier and operation of the 
clamping mechanism. 
Concept 1 envisages to fix the single magnets in spring-
loaded clamping elements in a geometrically defined way. The 
clamping elements are not equipped with any actuator 
technology, but are gripper operated in the moment of access 
to the single cavity according to Fig. 4. Optical sensors for 
determining the orientation of the magnet are not necessary due 
to the geometrically defined position. With the best spatial 
efficiency on the workpiece-carriers 300 magnets with the 
dimensions of 60 x 25 mm can be stored with defined 
orientation and location resulting in a storage density of 
62 pcs. / m². Consequently 9,25 % of the storage area given by 
the Bosch work-piece carriers is used. The spatial efficiency 
according to the magnet size range is given in Fig. 5. 
 
Fig. 5: Spatial efficiency of the two storage concepts according to the 
dimensional range of the magnets 
In contrast concept 2 features a simpler mechanical design, 
however it requires optical sensor technology for determining 
the orientation and the exact location of the magnet within the 
storage cavity. In addition the complexity rises due to the 
necessity of additional handling and operating equipment in 
form of a pick-up dock and a feeder gantry. 
The workpiece carriers are equipped with an eight-layer 
tray-chamber system. Furthermore the chambers are made of 
non-magnetic material with a ferromagnetic sandwich-layer to 
control the magnetic interactions. The single chambers are 
digitally addressable and according to their location stored in a 
database. In operation the trays on one workpiece carrier are 
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being transferred into the pick-up dock via belt conveyors and 
locked temporarily. Then the feeder gantry enables access to 
the tray for the robot gripper. The chambers can be filled and 
emptied precisely with the robot via the robot vision system 
since the tray forms a 2 dimensional storage matrix. This leads 
to a storage capacity of 9600 magnets with maximum 
dimensions of 60 x 25 x 20 mm on a wall area of 13 m² which 
equals a storage density of round about 2013 pcs./m². The 
dependencies from storage capacity to workpiece dimensions 
are shown in Fig. 6. 
 
Fig. 6: Feeder gantry and tray-chamber storage system 
5. Example of a possible process chain 
To deliver a process chain for optimized magnet assembly, 
the described concept envisages to combine the presented 
magnet measuring system and the warehouse together with a 
variant flexible magnet stack separator and an automated 
magnet assembly system. Optionally an impulse magnetizer 
can be added to magnetize the magnets before measuring, 
which allows to get more control of the magnetization process 
and thus to reduce sources of errors. The susceptible process 
chain of magnet assembly can be optimized in this way. 
 
Fig. 7: Sketch of the magnet storage process 
The resulting process (shown in Fig. 7) can be described as 
follows. Magnets are delivered in stacks. First they will be 
separated, and transferred to the magnet measuring device via 
an industrial robot equipped with a vacuum gripper. After 
measuring the magnets are laser marked and stored in the tray-
chamber storage system. In addition the measured magnet data 
is stored in a database. This data is processed in a tolerancing 
algorithm to reduce the angular and polarization deviations 
among one rotor. The algorithm returns a sequence for stacking 
the magnets in the calculated optimized order. This can be done 
using different approaches [10][12]. According to this, 
matching magnets are being transferred out of the warehouse 
and stacked. The sequenced stack is transferred to the 
automated magnet assembly system and mounted on the rotor. 
The primary aim is to eliminate magnet scrap and to deliver a 
better quality assurance to the rotor assembly process. This 
allows for narrow tolerance bands for high-end drives with low 
cogging, torque ripples and noise and high power density and 
efficiency due to less conservative motor designs. A secondary 
aim is the traceability of single magnets among one rotor. 
Since the presented solution is in the concept state, the research 
in this topic is going on to determine important performance 
indicators according to variant numbers and batch sizes. 
6. Concept for Process Monitoring using Data Mining 
Regarding a whole process chain for selective magnet 
assembly ranging from incoming-goods inspection, handling 
and storage as well as positioning magnets onto a rotor until the 
final measurement of the PMSM characteristics, Process 
Monitoring comes in mind. As follows the complete value 
stream from single magnets to the final PMSM within one 
system is described to identify multiple failure modes and their 
root cause. The requirements are quite low, since the described 
process chain employs full traceability for each single magnet. 
Here, every step is generating process data, which is stored in 
a data warehouse to enable further (real-time) analysis. 
The incoming-goods inspection allows the measurement of the 
magnetic field characteristics. Since this information is stored 
for each single magnet, an analysis of the initial condition and 
the distribution of the package are possible. 
The initial condition of each magnet could be used to detect 
malicious influences of the handling, which is done by a robot 
and a gripper tool and the magnet assembly system. E.g. the 
gripper force may lead to breaks within or on the surface of the 
magnets, or scratches are induced. These examples are also 
valid during the positioning of the single magnets onto or into 
the rotor. Here the concept envisages to employ an acceleration 
sensor mounted on the gripper tool and to store the force data 
of the assembly press. It enables to spot acceleration due to 
magnetic forces while positioning a new magnet onto the rotor 
or additional mounting force while pushing the magnet into the 
rotor cavity, as well as crashes against already mounted 
magnets. Since the position of the gripping tool and the ID of 
the magnet-to-be-placed are known, as well as the mounting 
pattern, we can calculate which magnets are hit by an eventual 
collision. A knowledge component represents the probability 
of a malicious collision and enables the inline exchange of 
single magnets during the rotor mounting. (State of the art: Low 
performance is detected at the EOL test bench.) 
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Fig. 8: Process optimization using a process monitoring system 
The EOL test bench generates the necessary quality 
information which can be used to power a process monitoring 
system regarding the whole process chain, as well as the 
knowledge component. On the one hand, the measurement of 
the magnetic field-distribution of the rotor enables the analysis 
of the influence of each single magnet. On the other hand, 
running characteristics of the PMSM like maximum torque, 
torque ripple, energy efficiency and noise characteristics can be 
traced down to the magnetic field-distribution and each single 
mounted magnet. This enables to optimize the sorting 
algorithm (magnet pattern on the rotor). 
7. Conclusion 
The presented paper gives an overview of the challenging 
aspects of the magnet assembly process and sketches up a 
solution for magnet tolerancing. This approach faces the 
challenge of the implementation in series production. 
Therefore, sophisticated magnet measuring technique, as the 
magnetic far-field measuring is used, which provides a robust 
and accurate method for determining magnetic characteristics 
in a production environment. This system is combined with a 
fully automated warehouse system, serving as a random access 
magnet storage. The solution brings different positive effects. 
First of all it provides quality assurance within the rotor 
assembly process. This will lead to a significant reduction of 
scrap among motors. The warehouse system in combination 
with the magnet database and tolerancing algorithms further 
provides a reduction of magnet scrap. As a result, the process 
optimization allows to decrease the tolerance band especially 
for high end drives and further to enable the production of less 
conservative motor designs with no additional process costs. 
The presented solution is in the concept state and will be 
developed further to a demonstrator application. 
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